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Abstract 9 
The effect of micronized copper azole type C (MCA-C) treatment on rolling shear (RS) 10 
strength and RS modulus of cross-laminated timber (CLT) was evaluated. The CLT test 11 
specimens were either constructed with untreated 2 x 6 (38 mm x 140 mm) No. 2. southern 12 
yellow pine (the United States grown) laminations or MCA-C treated laminations. The shear-free 13 
modulus of elasticity (Esf) and longitudinal-radial shear modulus (GLR) of the laminations were 14 
non-destructively measured prior to CLT manufacturing. The average Esf and GLR of the 15 
untreated lumber were 11.08GPa and 231.42MPa, respectively, while those of the treated lumber 16 
were 9.60GPa and 236.01MPa, respectively. Four-point bending test described in EN 16351 17 
standard along with the Shear analogy method was adopted to measure the RS properties. The 18 
preservative treatment decreased the mean RS strength, while it increased the mean RS modulus. 19 
However, the differences in the means were not significant based on one-way analysis of 20 
variance and Kruskal-Wallis H test, respectively. The experimentally obtained bending stiffness 21 
of the CLT test specimens and the RS strength estimated using the simplified method described 22 
in the CLT Handbook were compared against the values obtained based on the Shear analogy. 23 
The agreement between these two approaches indicates that the short-span test setup 24 
implemented in this study and the simplified method can be used for measuring bending stiffness 25 
and estimating RS strength of 3-ply CLT.  26 
1. Introduction 27 
Cross-laminated timber (CLT) is a wooden panel product consisting of orthogonally 28 
oriented timber laminations typically bonded by structural adhesives. The use of cross-29 
laminations in CLT provides some level of homogeneity in mechanical properties and high in-30 
plane dimensional stability. Since the development of commercial CLT product in early 1990s, it 31 
has successfully penetrated the European construction market [1]. The first North American CLT 32 
standard, ANSI/APA PRG 320, was developed by APA-The Engineered Wood Associations and 33 
FPInnovations in 2011, which was accredited by the American National Standards Institute 34 
(ANSI) [2]. The scope of this standard applies to structural CLT products used in dry service 35 
conditions [3]. However, the demand for industrial applications such as ground protection and 36 
site accesses, where exposure to biodeterioration is inevitable, has been the one of the major 37 
drivers of the North American CLT market [4]. Also, additional protection against biological 38 
degradation will be required when CLT is used in places with high humidity, such as tropical 39 
regions, or environments with high risks of insect infestation. One of the effective methods 40 
against the biodegradation risks is to manufacture CLT using preservative-treated laminations 41 
[5]. 42 
As CLT is made out of timber laminations, it inherits strength and weakness of timber 43 
such as low rolling shear (RS) strength and stiffness. In some building applications, RS 44 
properties may govern the design of CLT when subjected to high out-of-plane bending or 45 
concentrated loading [6]. Thus, RS properties of CLT should be well understood [7]. In 46 
European standard EN 16351 [8], for edge-glued CLT manufactured by common softwood, 47 
characteristic RS strength (fv,R) of 1.1 MPa is specified. In North America, fv,R =1.2 MPa is 48 
specified for CLT made out of southern pine [3]. 49 
There are multiple test methods for determining RS properties of CLT [9]. Fellmoser and 50 
Blass [6] used the beam vibration method to determine RS modulus (GR) of spruce which lies 51 
between 40 MPa and 80 MPa. It was found that shear deformation contributed significantly to 52 
the total CLT beam deflection with decreasing span-to-depth (l/d) ratios due to low GR of timber. 53 
Zhou et al. [10] used two-plate shear tests to measure the fv,R and GR of visually graded No. 3 54 
black spruce (Picea mariana) wood which were found to be 1.09 MPa and 136 MPa, 55 
respectively. A torsional shear testing method was implemented to evaluate fv,R of  spruce-pine-56 
fir (SPF) CLT in which cross layers were machined to have an annular cross-section to facilitate 57 
RS failure mechanism [11,12]. Meanwhile, the RS property evaluation methods found in the 58 
European and North American CLT standards are short-span bending tests. The bending tests 59 
results are analyzed with theoretical models such as the Shear analogy [13] and Gamma [14] 60 
methods. For instance, center-point bending tests along with the Shear analogy method were 61 
conducted on Radiata pine CLT to evaluate its fv,R of and the influence of different lamination 62 
aspect ratios on such property [15,16]. Several studies have confirmed that Shear analogy 63 
method is more accurate in deriving fv,R than other analytical models including the Gamma 64 
method, Timoshenko beam theory, and Composite theory [17–19].  65 
Previous studies on CLT mechanical properties were mainly focused on untreated CLT 66 
[20], and very little research has been conducted to study the mechanical properties of 67 
preservative treated CLT. It is well recognized that preservative treatments often adversely affect 68 
mechanical properties of wood. The degrees of changes in mechanical properties depend on 69 
several factors including species, chemistry of preservatives, and size of material [21]. 70 
Chromated Copper Arsenate (CCA) treatment can reduce short-term bending strength of 71 
southern pine lumber but has a negligible effect on the bending strength for 12-week duration at 72 
the stress level of  40% of short-term strength [22]. Micronized copper azole (MCA) treatment 73 
decreased bending strength of rubberwood as the preservative retention increased while its effect 74 
on bending stiffness was not evident [23]. Preservatives can also chemically and physically 75 
interfere with adhesives during bonding processes [24,25]. Interactions between preservatives, 76 
adhesives, and wood fibers are complex, which makes experimental evaluation of bonding 77 
performance compulsory for development of preservative treated wood composites. Thus, prior 78 
to the presented study, the authors conducted an experimental study to determine the most 79 
compatible adhesive system for manufacturing CLT composed of MCA-type C (MCA-C) treated 80 
southern yellow pine (SYP) laminations[26]. 81 
This experimental study investigates the effect of MCA-C treatment on RS properties, fv,R 82 
and GR, of SYP CLT by conducting the four-point bending tests recommended by EN 16351 83 
standard [8]. Basic properties of timber laminations are pre-assessed before the manufacturing of 84 
the CLT specimens. The RS properties of untreated CLT specimens as a control group are also 85 
evaluated by the same test setup. The Shear analogy method for composite beams is used to 86 
evaluate the RS properties of the treated and untreated CLT specimens. In addition, the validity 87 
of a simplified method for fv,R estimation was examined. 88 
2.  Materials 89 
Two lumber stacks, each consisting of 128 pieces of 3 m-long visually graded No. 2 2×6 90 
(38 mm x 140 mm) SYP lumber, were supplied by Shuqualak Lumber Co. located in 91 
Mississippi. One lumber stack was commercially treated with MCA-C preservative system, 92 
which is composed of 96.1% copper, 1.95% propiconazole, and 1.95% tebuconazole [27], using 93 
a modified full-cell treatment process at a commercial facility (Tri-state Lumber Co., Fulton, 94 
MS), while another stack was stored indoors. The modified full-cell treatment is essentially the 95 
same as the full-cell treatment except that it comprises a low-intensity initial vacuum cycle and 96 
an additional final vacuum cycle [28]. The lumber were preservative-treated to a target retention 97 
level of 2.40 kg/m3, which is required for UC4A (ground contact or fresh water) applications 98 
[27]. Following the AWPA Standard A9-18 [29], the retention level was measured using X-ray 99 
fluorescence spectroscopy, which came out to be 2.88 kg/m3. The preservative treated lumber 100 
were kiln-dried at the maximum dry-bulb temperature of 65ºC which was lower than the 101 
threshold post-treatment kiln-drying temperature of 74ºC specified in Wood Handbook [30]. The 102 
dry-bulb temperature was gradually raised from ambient to 65ºC in the first 5 hours, maintained 103 
for 11 hours, and ramped down to 54ºC in the last 8 hours, while the wet-bulb temperature was 104 
ramped from ambient to 43ºC in the first 2 hours, maintained for 3 hours, ramped down to 27ºC 105 
in the following 11 hours, and maintained for the last 8 hours. Then, the treated lumber were 106 
stored indoors for at least two weeks prior to CLT manufacturing. The untreated and treated 107 
lumber were visually inspected to discard the ones with significant distortions (bow, crook, or 108 
twist), which would cause large variations in the results of the non-destructive bending tests 109 
described in the next section. A total of 81 untreated and 80 treated lumber were selected and cut 110 
to two 1.37 m-long pieces for shear-free modulus of elasticity (Esf) and longitudinal-radial shear 111 
modulus (GLR) measurements. Also, a 26 mm x 26 mm x 38 mm block was cut for moisture 112 
content (MC) and oven-dry specific gravity (SGoven-dry) measurements in accordance with ASTM 113 
D4442 [31] and ASTM D2395 [32] standards, respectively. The summary statistics of MC and 114 
SGoven-dry of the untreated and treated lumber are provided in Table 1. The average MC and 115 
SGoven-dry of the untreated lumber were 10.87% and 0.50, respectively, while those of the treated 116 
lumber were 9.18% and 0.49, respectively. The MC or SGoven-dry means were not significantly 117 
different (p>0.05) from each other based on the ANOVA test described in a later section. This 118 
statistical analysis results confirmed the consistency in quality of the lumber. These average MCs 119 
were within the optimum MC range of 12±3% recommended in the CLT Handbook [33]. 120 
Table 1. Summary statistics of MCs and SGs of untreated and treated lumber 121 
Condition Sample 
size (n) 
MC  SGoven-dry  
Mean (%) COV (%)  Mean COV (%)  
Untreated 81 10.87 7.71  0.50 11.04  
Treated 80 9.18 5.61  0.49 9.39  
After conducting the non-destructive tests described in the next section, 13 of each 122 
untreated and treated panels were manufactured to the final dimensions of 1370 mm (length) × 123 
305 mm (width) × 105 mm (depth) made using 113 and 112 lumber, respectively. The lumber 124 
were planed to a lamination of final dimensions of 35 mm (thickness) x 137 mm (width). EN 125 
16351 [8] standard, which was adopted for the CLT bending tests, requires at least two 126 
laminations in the face layers, while ANSI/ APA PRG 320 [3] suggests the net width of a face 127 
lamination not to be less than 1.75 times its thickness. The width of the CLT panels was 128 
determined to be 305 mm which is the minimum width specified in ANSI/ APA PRG 320  129 
Standard [3]. Thus, two thirds of the surface laminations were cut to 84 mm in width, while the 130 
cross laminations were cut to 305 mm in length. Each layer of the CLT specimens was composed 131 
of laminations with similar apparent modulus of elasticity (Eapp) to avoid significant variations in 132 
mechanical properties between the laminations. Each CLT panel was composed of 6 surface 133 
laminations and 10 cross laminations as illustrated in Fig. 1. A commercial primer solution [34] 134 
diluted at 5% with water by weight was applied at a rate of 20 g/m2 to gluing faces of the 135 
lamination planed within six hours. One component polyurethane (1C-PUR) adhesive supplied 136 
by Henkel was applied at a single-face rate of 150 g/m2 to the gluing faces 30 minutes after the 137 
primer application. Then, the laminations were pressed under 690 kPa for two hours following 138 
the adhesive product specifications [35,36]. The manufactured CLT panels were stored indoors 139 
for at least a week before conducting the bending tests described in the next section.  140 
 141 
Fig. 1. Orthographic views of a CLT panel 142 
3. Methods 143 
3.1 Non-destructive bending test 144 
Non-destructive edge-wise four-point bending tests were conducted to measure the 145 
lamination Esf and GLR properties following ASTM D198 [37]. The 1.37 m-long lumber selected 146 
for the CLT manufacturing were tested at a span-to-depth ratio of 9 with a support span (l), 147 
loading span, and shear free span (lsf) of 1.26 m, 0.65 m, and 0.53 m, respectively, as shown in 148 
Fig. 2. Linear Variable Differential Transformers (LVDTs) were placed 57 mm away from the 149 
loading heads towards the center of the test specimen to avoid the influence of stress 150 
concentration on shear-free deflection (∆sf) measurements. The global deflection (∆g) was 151 
measured using a deflectometer placed at the midspan. The maximum load (Fest.max) of the 152 
lumber was estimated to be 37.4MPa based on the median modulus of rupture (MOR) of No. 2 153 
2× 6 southern pine lumber at MC of 15%, which was reported by Dahlen et al. [38]. The lumber 154 
were tested at a loading rate of 1.78 mm/min until the load reached 40% of Fest.max (i.e. 12.2 kN) 155 
to ensure that the lumber did not undergo permanent deformations before the CLT 156 
manufacturing. The changes in ∆sf and ∆g between 10% and 40% of Fest.max were used to calculate 157 
Esf and GLR of each tested lumber, respectively, using the flexure formulas provided in ASTM 158 
D198 [37].  159 
 160 
Fig. 2. Non-destructive edge-wise four-point bending test set-up  161 
3.2 Bending test of CLT panels 162 
A four-point bending test setup was implemented to evaluate rolling shear (RS) strength 163 
(fv,R) and RS modulus (GR) of the CLT specimens as described in EN 16351 [8]. The beam 164 
support span was 1.26 m with a span-to-depth ratio of 12, while its shear span, loading span, and 165 
shear-free span were 0.63m, 0.63m and 0.53m, respectively. The CLT specimens were simply 166 
supported with an overhang of 55mm from each end, and the loads were applied through two 167 
loading heads at a constant rate of 1.27 mm/min as shown in Fig. 3. LVDTs were located at 168 
center and each end of the shear-free span to measure global (∆g) and shear-free (∆sf) deflections, 169 
respectively, along the neutral axis of the specimen, which were used to estimate GR. The 170 
untreated and treated CLT specimens were loaded to 40% of the estimated maximum loads of 171 
76.3kN and 53.4kN, respectively, before the LVDTs were removed. Then, the tests were 172 
resumed until failure. The estimated maximum load of the untreated CLT was calculated based 173 
on the 5th percentile MOR of No. 2 2× 6 southern pine lumber reported by Dahlen et al. [38], 174 
which was 22.2MPa, while that of the treated CLT was calculated based on 70% of the reference 175 
MOR of the untreated CLT considering potential strength reduction reported by Barnes [39]. 176 
These loads were calculated using Eq. (1) derived based on the simplified method described in 177 
CLT Handbook [33]. The panel cross-sections were assumed to be symmetric along their neutral 178 
axes and composed of the surface-layers with average Esf parallel to grain presented in Table 2 179 
and the core-layers with Esf perpendicular to grain equal to 1/30 of the Esf parallel to grain [3].   180 
𝑃𝑒𝑠𝑡.𝑚𝑎𝑥 =  
4𝐹𝑏𝐸𝐼𝑒𝑓𝑓 
𝐸1ℎ 𝑎
                                                                                                                (1) 181 
where Fb is the reference MOR of the outermost layer (i.e. 22.2MPa and 15.5MPa for the 182 
untreated and treated CLTs, respectively); E1 is the is the modulus of elasticity of the outermost 183 
layer; h is the thickness of panel; a is the one-half of the shear span; EIeff is the effective bending 184 
strength calculated using Eq. (2). 185 
 186 
Fig. 3. Four-point CLT bending test setup  187 
3.2.1 Rolling shear modulus and strength calculation according to the Shear analogy method 188 
The Shear analogy method developed by Kreuzinger [13] was implemented for 189 
estimating the shear properties of the CLT specimens. The details of this method are provided in 190 
numerous publications [40,41]. This method idealizes a CLT panel as a composite system 191 
consists of two virtual beams (i.e. Beam A and B) rigidly connected to each other, which 192 
displace equally upon out-of-plane loads. Beam A takes the contribution of the flexural stiffness 193 
of individual layers into account, while Beam B is responsible for the shear stiffness and the 194 
Steiner’s component of the moment of inertia of each layer. Thus, the method estimates an 195 
effective bending stiffness (EIeff) of a CLT panel using Eq. (2).  196 
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2                                                                                   (2) 197 
where n is the number of layers, Ei is the Esf of the ith layer; bi is the width of the ith layer; hi is 198 
the depth of the ith layer; zi is the distance from the neutral axis of a cross-section to the centroid 199 
of ith layer. 200 
Since the method assumes that the effective shear stiffness (GAeff) of the composite 201 
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where d is the distance between the centroids of the outermost layers; Gi is the shear modulus of 204 
the ith layer. 205 
GAeff can be also experimentally obtained using Eq. (4), which is established by 206 
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                                                                                            (4) 208 
where P1 is the 40% of Pest.max calculated using Eq. (1); P2 is the 20% of Pest.max; ∆g1 is the global 209 
deflection corresponds to the P1; ∆g2 is the global deflection corresponds to the P2.  210 
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where GAeff is obtained using Eq. (4); G1 and G3 are longitudinal-tangential shear modulus (GLT) 213 
of the first and third layers, respectively, which are assumed to be the same as the GLR values 214 
obtained from the non-destructive bending test described in the previous section [30]  215 
Rolling shear strength, fv,R, of a three-layered CLT can be calculate using Eq. (6), which 216 















𝐸1𝑧1ℎ1                                                                                            (6) 218 
where BA and BB are the bending stiffness of Beam A and Beam B, respectively; VA and VB are 219 
the shear forces distributed to Beam A and Beam B, respectively.   220 
3.2.2 Rolling shear strength calculation according to the simplified method using 221 
experimentally obtained EIeff 222 
The four-point bending test setup allows to measure ∆sf , which can be used to directly 223 
assess EIeff,exp using the flexure formula Eq. (7) in ASTM D198 [37], instead of using the Shear 224 
analogy method.  225 
𝐸𝐼𝑒𝑓𝑓,𝑒𝑥𝑝 =  
(𝑃1 − 𝑃2) 𝑎𝑙𝑠𝑓
2
(∆𝑠𝑓1−∆𝑠𝑓2)16
                                                                                                             (7) 226 
where P1 is the 40% of Pest.max calculated using Eq. (1); P2 is the 20% of Pest.max; ∆sf1 is the shear-227 
free deflection corresponding to the load P1; ∆sf2 is the shear-free deflection corresponding to the 228 
load P2.  229 
As thoroughly described in CLT Handbook [33], the simplified method can be 230 
implemented to calculate effective (Ib/Q) using Eq. (8). 231 





                                                                                                                (8) 232 
where Q is the first moment of area; z of the layer that consists the neutral axis of the CLT is the 233 
distance from the neutral axis to the centroid of the layer’s cross section above the neutral axis. 234 
 Then, the rolling shear strength, fv,R,sm can be calculated using Eq.(9) based on the shear 235 
formula. 236 
𝑓𝑣,𝑅,𝑠𝑚 =  
𝑃𝑚𝑎𝑥
2(𝐼𝑏/𝑄)𝑒𝑓𝑓
                                                                                                                       (9) 237 
where Pmax is the maximum load recorded from the four-point bending test. 238 
3.3 Statistical Analysis 239 
The effects of MCA-C preservative treatment on the mechanical properties of 2x6 SYP lumber 240 
and three-layered CLT were analyzed using SPSS version 25.0 [42]. The assumptions on 241 
normality and homogeneity of variance of the collected data were confirmed by implementing 242 
Shapiro-Wilk and Levene’s tests, respectively, at  = 0.05. If the assumptions were met, one-243 
way analysis of variance (ANOVA) was performed to compare the means of the data sets. 244 
Otherwise, the Kruskal-Wallis H test, a non-parametric equivalent of one-way ANOVA, was 245 
performed. Both types of analyses were performed at  = 0.05. 246 
4. Results and discussions 247 
4.1 Effect of MCA-C treatment on bending and shear stiffness of lumber 248 
 Table 2 provides the summary statistics of the four-point bending test results presented in  249 
Figs. 4 and 5. of the untreated and the MCA-C treated SYP lumber used as the laminations of the 250 
CLT specimens. The average Esf, Eapp, and GLR of the untreated lumber were 11.08GPa, 7.11GPa, 251 
and 231.42MPa, respectively, while those of the treated lumber were 9.60GPa, 6.46GPa, and 252 
236.01MPa, respectively. Based on the Kruskal-Wallis H test, the mean ranks of Esf were 253 
significantly different (p < 0.001) from each other, while those of GLR were not (p = 0.225). 254 
Thus, the MCA-C treatment significantly decreased Esf of the SYP lumber, while it did not 255 
significantly affect GLR. The GLR/Esf ratios of both types of lumber were less than 0.027 on 256 
average. In this research we assumed that GLR ≈ GLT [30], and thus the measured shear modulus 257 
values can be used as inputs for determining GR of the CLT specimens using Eq. (5). 258 
 259 
Fig. 4. Cumulative Distribution Function (CDF) plots of the Eapp and Esf values of the untreated 260 
and preservative-treated lumber 261 
 262 
Fig. 5. Cumulative Distribution Function (CDF) plots of the GLR values of the untreated and 263 
preservative-treated lumber 264 
Table 2. Summary statistics of bending and shear stiffness of untreated and treated lumber 265 
Condition Sample 
size (n) 













Untreated 113 11.08 22.14  7.11 14.38  231.42 27.36 
Treated 112 9.60 25.26  6.46 16.87  236.01 26.09 
 266 
4.2 Effect of MCA-C treatment on RS modulus and strength of CLT 267 
The bending stiffness (EIeff), shear stiffness (GAeff), RS modulus, (GR), and RS strength 268 
(fv,R) of the untreated and the treated CLT specimens are presented in Tables 3 and 4, 269 
respectively, along with the summary statistics. These mechanical properties were calculated 270 
according to the Shear analogy method using Eqs. (2) and (4-6).  271 
Table 3. Mechanical properties of the untreated CLT specimens 272 
Specimen 
No. 
EIeff GAeff GR fv,R 
(109 N mm2/m) (106 N /m) (MPa) (MPa) 
C1 1281.65 9.42 100.85 1.96 
C2 954.70 9.52 101.37 1.72 
C3 1354.42 12.14 150.22 2.44 
C4 967.32 12.64 144.74 2.68 
C5 934.01 14.06 181.34 2.35 
C6 918.65 10.87 116.90 2.02 
C7 862.76 10.25 104.48 1.78 
C8 1316.13 12.54 140.39 2.79 
C9 1078.68 11.26 116.74 1.70 
C10 1231.87 10.67 103.17 2.17 
C11 1035.88 12.67 134.90 2.50 
C12 821.25 14.78 163.31 1.95 
C13 652.14 14.42 159.08 1.96 
Mean 1031.50 11.94 132.11 2.16 
COV 20.55% 14.99% 20.36% 16.90% 
 273 
Table 4. Mechanical properties of the MCA-C treated CLT specimens 274 
Specimen 
No. 
EIeff GAeff GR fv,R 
(109 N mm2/m) (106 N / m) (MPa) MPa 
T1 974.37 10.15 122.52 1.62 
T2 887.03 12.82 181.39 1.76 
T3 996.68 8.96 94.69 1.33 
T4 729.67 13.82 172.12 1.81 
T5 724.73 16.52 246.36 1.58 
T6 1069.07 13.24 157.93 2.06 
T7 943.77 9.50 98.26 1.61 
T8 900.86 15.59 174.39 1.87 
T9 768.84 10.97 115.07 2.24 
T10 1028.69 10.92 107.82 1.55 
T11 1255.61 7.86 80.89 2.00 
T12 865.98 9.48 108.20 2.41 
T13 781.59 19.32 260.79 2.51 
Mean 917.45 12.24 147.72 1.87 
COV 16.55% 27.53% 38.91% 18.98% 
 275 
As expected from the non-destructive test results of the lumber, the mean EIeff of the 276 
untreated CLT specimens (1031.50 x 109 N mm2/m) was higher than that of the treated CLT 277 
specimens (917.45 x 109 N mm2/m). However, the preservative treatment increased the mean 278 
GAeff from 11.94 x 10
6 N / m to 12.24 x 106 N / m. The mean GR of the untreated CLT specimens 279 
was 132.11 MPa, which is greater than the GR range of Norway spruce (i.e. 40 to 80MPa) 280 
reported by Fellmoser and Blass [6] and close to the one of edge-glued 38mm-thick black spruce 281 
cross layer (i.e. 136MPa) [10]. In general, GR values of the MCA-C treated specimens were 282 
greater than those of the untreated specimens, which were characterized with a relatively large 283 
coefficient of variation (COV). The mean fv,R of the untreated CLT specimens was 2.16 MPa, 284 
which sits between the fv,R values of 3-ply SYP CLT obtained from center-point load bending 285 
tests (1.83 MPa) and two-plate shear tests (2.34 MPa) reported by Cao et al. [40]. The MCA-C 286 
treatment reduced the mean fv,R by 13% to 1.87 MPa, which is still greater than the fv,R of 3-ply 287 
Radiata pine CLT composed of cross laminations with an aspect ratio of 4.1 [16]. Despite the 288 
described differences between the shear properties of the untreated and the treated CLT 289 
specimens, the preservative treatment did not significantly affect either GR (p = 0.11) base on the 290 
Kruskal-Wallis H test or fv,R (p = 0.06) based on the one-way ANOVA analysis. Also, these 291 
experimental results confirmed that the Allowable Stress Design reference GR of 60.33MPa and 292 
fv,R of 0.38 MPa provided in the ANSI/APA PRG 320 standard [3] are conservative.  293 
4.3 A simplified approach for RS strength calculation 294 
The EIeff,exp and fv,R,sm of the untreated and the treated CLT specimens obtained using Eqs. 295 
(7) and (9) are presented in Tables 5 and 6, respectively, along with their comparisons against the 296 
ones calculated using the Shear analogy method. 297 
Table 5. Experimentally obtained bending stiffness and RS strength of the untreated CLT 298 
specimens following the simplified method  299 
Specimen 
No. 
EIeff,exp fv,R,sm EIeff 
/EIeff,exp 
fv,R  
/fv,R,sm (109 N mm2/m) MPa 
C1 1086.94 2.33 1.18 0.84 
C2 918.39 1.81 1.04 0.95 
C3 1377.36 2.06 0.98 1.18 
C4 948.62 2.38 1.02 1.13 
C5 940.33 2.27 0.99 1.04 
C6 826.73 2.16 1.11 0.94 
C7 856.40 1.77 1.01 1.01 
C8 1231.26 2.68 1.07 1.04 
C9 921.03 2.22 1.17 0.77 
C10 1213.26 2.16 1.02 1.01 
C11 944.28 2.38 1.10 1.05 
C12 859.93 1.90 0.96 1.03 
C13 684.30 2.09 0.95 0.94 
Mean 1010.38 2.17 1.05 1.00 
COV 18.91% 11.69% 7.12% 11.01% 
 300 
Table 6. Experimentally obtained bending stiffness and RS strength of the MCA-C treated CLT 301 
specimens following the simplified method  302 
Specimen 
No. 
EIeff,exp fv,R,sm EIeff 
/EIeff,exp 
fv,R  
/fv,R,sm (109 N mm2/m) MPa 
T1 896.35 1.84 1.09 0.88 
T2 873.44 1.84 1.02 0.96 
T3 901.13 1.54 1.11 0.87 
T4 767.93 1.76 0.95 1.03 
T5 730.79 1.59 0.99 0.99 
T6 1008.95 2.26 1.06 0.91 
T7 804.70 1.96 1.17 0.82 
T8 922.36 1.87 0.98 1.00 
T9 728.61 2.44 1.06 0.92 
T10 1308.78 1.27 0.79 1.23 
T11 1148.03 2.35 1.09 0.85 
T12 777.80 2.82 1.11 0.86 
T13 899.17 2.22 0.87 1.13 
Mean 905.74 1.98 1.03 0.94 
COV 18.61% 21.33% 10.34% 12.46% 
 303 
Although the test setup was recommended for examining shear properties of CLT [8], the 304 
EIeff,exp values of both treated and untreated CLT specimens were in a good agreement with those 305 
obtained using the Shear analogy method as presented in Tables 3 and 4. The differences 306 
between the EIeff,exp and EIeff values of 85% of the untreated and treated CLT specimens were less 307 
than 15%, while the differences between their mean values were 2.09% and 1.29% for the 308 
untreated and treated CLT specimens, respectively. Similarly, the differences between the fv,R,sm 309 
and fv,R values of 77% of the untreated and treated CLT specimens were less than 15%, while the 310 
differences between their mean values were 0.59% and 5.43% for the untreated and treated CLT 311 
specimens, respectively. Also, based on one-way ANOVA analysis, the mean EIeff,exp and fv,R,sm 312 
values were not significantly different from EIeff and fv,R, respectively. Thus, the test setup 313 
adopted in this study can be reliable for measuring effective bending stiffness and estimating 314 
rolling shear strength of 105mm-thick 3-ply CLT along with the simplified method.  315 
4.4 Failure modes 316 
The core layers within the shear zones of all untreated and treated CLT specimens 317 
experienced typical RS failure as shown in Fig. 6, which progressively occurred following the 318 
general sequence described in Cao et al.[40]. As illustrated in Fig. 7 and Fig. 8, the load-319 
deflection curves of the untreated and the treated CLT specimens were linear up to 320 
approximately 70% of their maximum loads. Then, the curves became nonlinear as shear cracks 321 
formed in the core layers at inclined angles. The nonlinearity became more severe as the shear 322 
cracks propagated towards the glue lines. Eventually, the wood fibers surrounding the cracks 323 
fractured in a brittle manner, which caused the sudden load drops.   324 
 325 
Fig. 6. Rolling shear failures at the shear zones of untreated CLT test specimen C5 326 
 327 
Fig. 7. Load-deflection curves of the untreated CLT specimens 328 
 329 
Fig. 8. Load-deflection curves of the MCA-C treated CLT specimens 330 
Five untreated CLT specimens experienced bending failure at their loading points 331 
simultaneously with the rolling shear failure described above. C6, C7, and C8 specimens had 332 
tensile failures in the edge laminations of their bottom layers, while the edge lamination of C12 333 
specimen’s top layer experienced compressive failure as shown in Fig. 9a to 9d, respectively. 334 
C13 specimen had compressive failure on its top surface layer and tensile failure on its bottom 335 
layer as shown in Fig. 9e. Stress concentrations below the loading heads and natural defects (i.e. 336 
knot and pocket) primarily caused such failure modes. Also, increased load distributions to the 337 
surface layers due to the fracture of the core layers would possibly cause these secondary failure 338 




Fig. 9. Bending failures of untreated CLT specimens: a) C6, b) C7, c) C8, d) C12 and e) C13.   340 
5. Conclusions 341 
The effects of MCA-C treatment on RS properties of 3-ply SYP CLT were investigated 342 
by conducting four-point bending tests. The preservative treatment reduced the mean RS strength 343 
from 2.16 MPa to 1.87 MPa, while it increased the mean RS modulus from 132.11 MPa to 344 
147.72 MPa. However, the differences in the RS properties of the untreated and the treated CLT 345 
specimens were not statiscally significant. Besides, the preservative treatment significantly 346 
decreased Esf of the SYP lumber, but the effect was less evident for EIeff of CLT specimens due 347 
to the large dispersion in their data. All treated and untreated CLT specimens failed in rolling 348 
shear, while secondary bending failure modes were observed only in the untreated CLT 349 
specimens near their loading locations. 350 
The RS strength values estimated using the simplified method of the CLT Handbook 351 
based on the experimentally obtained bending stiffness (EIeff,exp) were in a good agreement with 352 
those calculated based on the Shear analogy method. The EIeff,exp values obtained using the short-353 
span test setup described in the EN 16351 standard were also agreed well with the EIeff values 354 
estimated based on the non-destructively measured Esf of the CLT laminations using the Shear 355 
analogy method. Thus, the bending test setup adopted in this study, along with the simplified 356 
method, can be implemented to examine the bending stiffness and RS strength of 3-ply CLT over 357 
the Shear analogy method. 358 
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